Abstract -This paper presents data for the synthesis and characterization of layer double hydroxides (LDH) and their use for color and chemical oxygen demand (COD) removal from effluents generated by a textile industry. Adsorption studies with raw and biologically treated (activated sludge) textile effluent showed that the pseudo-second order model best fitted the experimental data, leading to adsorption coefficients of 39.1 and 102.9 mgCOD/gLDH for raw and treated effluents, respectively. The best conditions for color and COD removal were obtained at lower values of temperature and pH (25 °C and pH 7) and, in these conditions, an LDH dose of 10 g/L resulted in color removal efficiencies of 56% for samples of raw and 66% for samples of treated effluent. Recycling studies indicated that the reuse of thermally treated LDH led to a progressive loss in the removal efficiencies of COD and color. The reduction was more pronounced with samples of the raw textile effluent. LDH characterization performed before and after each adsorption and regeneration experiment showed that there was no intercalation of dye molecules in the interlayer region of the LDH, indicating that COD and color removal might be due to the adsorption of organic molecules onto the LDH surface.
INTRODUCTION
Wastewater from textile industries contains significant amounts of organic dyes, especially of the azo-type, which impart a high color to the effluent. Some dyes and/or their degradation products might be carcinogenic and have mutagenic properties, especially those containing the azo-aromatic function as a chromophore, which leads to the formation of aromatic amines that are considered the main products from the biological cleavage of the N=N bond (Guaratini and Zanoni, 2000) . Generally, textile effluents are treated by the combination of conventional biological (activated sludge) and physicochemical (chemical coagulation, adsorption on activated carbon) processes. Although these processes have high efficiency in reducing the carbonaceous organic matter, they are not so efficient in color removal. The failure in the degradation of organic molecules responsible for the coloration is related to their complexity, variety and chemical nature (Guaratini and Zanoni, 2000) . An option to complement the conventional biological treatment of textile effluents is the use of a physicochemical step of pre-or posttreatment. Several studies demonstrated that the group of hydrotalcites, which are layered double hydroxides (LDH) or anionic clays, are efficient materials to adsorb and/or intercalate anionic compounds such as sulphate dyes and surfactants, halides, sulfates, nitrates, silicates, chlorides, and polymers (Barriga et al., 2002; Bouraada et al., 2009; Bouraada et al., 2008; Cardoso et al., 2003; Cavani et al., 1991; Das et al., 2007; Das et al., 2006; Dias et al., 2011; Lazaradis et al., 2003; Lv et al., 2009; Lv et al., 2008b; Seida and Nakano, 2002; Ulibarri et al., 1995) .
The (Cavani et al., 1991; Dias et al., 2011) . In particular, the LDH containing Mg 2+ and Al 3+ as divalent and trivalent cations, respectively, and carbonate as the interlayer anion are called hydrotalcites. The heat treatment of LDH leads to the formation of an oxi-hydroxide mixture (calcined LDH) of the constituent cations following the loss of interlayer carbonate and water. The calcined LDH formed can then be placed in contact with an anionic solution and the LDH containing the anion of interest is obtained through the regeneration of the layered structure. This process of regeneration of the layered structure after thermal decomposition is called 'memory effect' and can be used for removing and recovering anionic species from water and wastewater.
In this study, calcined LDH of the type MgAl-CO 3 were used for removing color and chemical oxygen demand (COD) from effluents generated by a textile industry; hence, this paper shows the application of LDH to treat a real industrial wastewater. In addition to obtaining thermodynamic data for the adsorption process, procedures for recycling the LDH via thermal decomposition were also investigated.
EXPERIMENTAL
The LDH was synthesized by the direct method of coprecipitation at constant pH. Equation (1) represents the synthesis of hydrotalcite with a Mg/Al ratio of 2/1 (Dias et al., 2011 3 .9H 2 O were added to 100 mL of distilled water. This solution was then poured slowly into 100 mL of Na 2 CO 3 (1 M) and the pH of the resulting solution was measured and kept at pH 10 using NaOH (2 M). The procedure of adding NaOH and monitoring the pH was carried out for 4 h under continuous stirring at 40 °C on a magnetic stirrer with heating. Subsequently, an incubator shaker was used to keep the reaction at 55 °C and 200 rpm for 20 h. The resulting suspension was then vacuum filtered and dried at 50 °C in an oven to obtain an LDH of the MgAl-CO 3 type. Part of this material was heat-treated in an oven for 4 h at 500 °C and then kept in a vacuum desiccator. Such heat treatment led to the formation of calcined LDH, which was used in the subsequent tests.
To study the structural and morphological properties of the material before and after the adsorption experiments, the characterization techniques of specific surface area and porosity (BET), thermogravimetric analyses (TGA/DTG) and X-ray diffraction (XRD) were used as described by Vieira et al. (2009) and Dias et al. (2011) . XRD analyses were performed using a Shimadzu XRD-6000 diffractometer, with graphite monochromator, nickel filter, FeKα radiation (λ = 1.9360 Ǻ), 40 kV and 20 mA. A scan of 2-90°2θ at a rate of 2°2θ/minute was used and the results were converted to CuKα (λ = 1.5406 Ǻ) for data processing. Thermogravimetric analyses (TGA/ DTG) were performed in a SDT 2960 equipment, using approximately 7 mg of sample in an alumina crucible. The heating was from room temperature to 1.000 °C, at a rate of 20 °C/minute under a N 2 atmosphere. The measurements of specific surface area and porosity (BET and BJH methods) of the material in the powder form were carried out in a NOVA 1000 equipment. For that, 4 g of the sample was previously degassed at 150 °C for 2 hours and the parameters of interest were obtained using a nitrogen relative pressure in the range of 0.05 to 0.98.
The batch experiments to assess the efficiency of LDH on color and COD removal from textile effluents, as well as to study its kinetics, and were carried out with samples of raw textile effluents (RTE1, RTE2 and RTE3) and biologically treated (by activated sludge process) effluents (BTE1, BTE2 and BTE3). The samples, collected in three different sampling campaigns, were kindly provided by the Itabirito Industrial Company -Itabirito, MG, Brazil.
Samples of raw and treated effluent were first filtered (1.2 µm glass fiber membranes) and then centrifuged for 20 minutes at 5.000 rpm for the removal of suspended solids. The resulting supernatant (100 mL) was then submitted to adsorption tests in a shaker (Solab, mod. SL120/250) set at 200 rpm for 24 h using different amounts of calcined LDH (50, 250, 750, 1000 and 2.000 mg). The adsorption tests with raw wastewater were carried out at 40 °C, whereas with treated effluent 25 °C was used, so that the conditions in which the raw and treated effluents are normally found could be reproduced. Samples collected before and after each batch test were centrifuged for 10 min at 5.000 rpm (Excelsa model 206BL centrifuge, Fanem) before analyzing them for color and COD. COD analysis was performed according to the closed reflux method described in the Standard Methods for the Examination of Water and Wastewater (1998). Color analysis was carried out in a spectrophotometer (HP 8453) by fixing the wavelength at 250 nm, which was found to be the wavelength of maximum absorbance for both effluents (raw and biologically treated) in all three sampling campaigns.
The adsorption (kinetics and equilibrium) of textile contaminants onto the calcined LDH was studied with randomly chosen samples of raw textile effluent (RTE3) and biologically treated effluent (BTE3). For each sample 750 mg of calcined LDH was added into 10 flasks containing 50 mL of filtered effluent, which were then placed in a shaker (Solab, Mod. SL 120/250) set at 200 rpm for 24 h. At predetermined times samples were collected from the flasks, centrifuged (Excelsa model 206BL centrifuge, Fanem) at 5.000 rpm for 10 minutes, and finally analyzed for color and COD.
The recycling capacity of the hydrotalcites was determined by cycles of adsorption-thermal decomposition-adsorption using the same filtered effluent samples and conditions described previously. For this, 1.000 mg of calcined LDH was added to 100 mL of effluent and, after an adsorption period of 24 h at 200 rpm, the LDH was calcined (500 °C for 4 h) and used again for another adsorption cycle. A total of five cycles of adsorption-thermal decompositionadsorption was performed and the LDH dose (ratio of LDH mass to effluent volume) was kept constant throughout these experiments. The efficiency of color and COD removal was then determined after each cycle by means of color and COD analyses, as described before. Figure 1 presents the XRD patterns of the LDHs and their respective oxy-hydroxide mixture. A typical LDH XRD pattern shows a basal peak (00l) related to the stacked layers; no basal peaks (hk0) associated with the organizational structure within the lamellae; and peaks (0kl) related to the internal layers. In the XRD pattern of a LDH, the peaks (003), (006) and (009) are characteristic of a lamellar material and the lattice parameters a and c were calculated according to Pérez-Ramírez et al. (2001) for an hexagonal unit cell. The lattice parameter a corresponds to the distance of the cations within the layers of the structure, whereas the parameter c is related to the thickness of the layer and interlayer distance. Both lattice parameters can be calculated according to Eqs. (2) and (3), where the basal spacing d 003 represents two lamellar layers and the interlayer of hydrated anions. 
RESULTS AND DISCUSSION
Scherrer's method (Eq. (4)) was used to determine the particle size (t), where λ is the wavelength (in nm) of the X-rays used; B is the width at the half peak height; and θ B is the angle determined for the sample by Bragg's law (Zhao et al., 2009; Zhao et al., 2002 
The basal spacing and lattice parameters calculated from the intensities and widths of the peaks led to values of d 003 , a, and c of, respectively, 7.9 Å, 3 Å, 24 Å, which are consistent with the literature. For comparison, Palmer et al. (2009) reported d 003 spacings of 7.8 Å, a value close to that found in this study and characteristic of LDH intercalated with carbonate ions. On the other hand, the calculated particle size (t = 24.9 nm) was lower than the particle sizes generally reported for this type of material (about 100 nm). Smaller particle sizes mean larger widths of peaks, which are related to less crystalline materials, and this seems to be the case here.
Thermal decomposition of hydrotalcites is a complex sequence of steps involving dehydration, dehydroxylation (loss of lamellar hydroxyls) and loss of interlayer carbonate. Figure 2 shows the results of thermal analysis for HDL MgAl-CO 3 . The steps and sequence of thermal decomposition of hydrotalcites can vary with the ratio of cations, (Hibino et al., 1995) but generally follow the same sequence. The first transition temperature and mass loss, below 200 °C, is associated with the evaporation of adsorbed and intercalated water molecules. The other steps, between 200 and 500 °C, refer to the decomposition of interlayer carbonate and hydroxyl groups of the lamellae (Hibino et al., 1995) . Above 500 °C, the lamella of the brucite-type structure collapses and a solid solution of mixed spinel (MgAl 2 O 4 ) and MgO, or Al 2 O 3 and MgO is irreversibly formed. The first mass-loss shown in Figure 2 indicates (Crepaldi et al., 2002) . In addition, the pore sizes of the synthesized materials were 23 nm, for LDH, and 15 nm, for the calcined LDH, classifying both materials as mesoporous. The calcination leads to a greater number of micropores, resulting in a considerable increase in the surface area. This increase could be related to the formation of channels in the material during the evolution of water vapor and carbon dioxide (Cavani et al., 1991) . The nitrogen adsorption/desorption isotherm (data not shown) indicated no hysteresis, thus suggesting the presence of cylindrical pores with open channels. It can be seen that, for both raw (RTE) and biologically treated (BTE) effluents, the removal efficiency varied significantly between the samples collected at distinct dates, and this is due to the color change in the effluent. For instance, the raw textile effluent RTE2 showed an absorbance of 0.996 at 250 nm, whereas for the effluent RTE1 it was 0.405 nm when diluted 5-fold. Figure 3 shows that, for both raw and treated effluent, the color removal tends to reach a plateau as the LDH dose is increased. At LDH doses of 10 g/L, the color removal efficiency varied from 40 to 68% for the raw effluent and from 45 to 72% for the treated effluent. By doubling the LDH dose the increase in color removal was less than 10% for either effluent. Figure 4 shows the COD removal efficiency and Figure 5 the residual COD left in the raw and treated effluents that received different doses of LDH. Figure 4 shows that, for samples of biologically treated effluents (BTE1, BTE2), the removal efficiency tended to reach a plateau when the dose was higher than 10 g/L. On the other hand, for most samples of the raw textile effluents (RTE1, RTE2), the COD removal seemed to be directly proportional to the dose, with significant enhancement of removal efficiency as the dose increased from 10 g/L to 20 g/L. At the highest dose tested, the removal efficiencies varied from 50 to 80% for samples of raw effluent and from 60 to 70% for samples of biologically treated effluent. These results indicate that a high dose of LDH is needed to reach the performance of activated carbon for COD and color removal. For the sake of comparison, in a study of COD reduction from a dyeing effluent generated by a cotton textile mill, the use of a bamboo-based active carbon at a dose of 2 g/L led to a COD reduction of 75% in 10 h of contact time for adsorption (Ahmad and Hameed, 2009 ). XRD of the LDH placed in contact with the samples of raw (RTE) and treated (BTE) effluent at the dose of 10 g/L showed the same pattern observed in Figure 1A . This indicates that the removal of color and COD was not accomplished by the intercalation of azo dyes or other larger organic molecules (e.g. anionic surfactant) since there were no significant changes in the lattice parameters (d 003 = 6.1 Å; a = 2.4 Å, and c = 18.4 Å -see Equations (2) and (3)). These results are in agreement with our previous results, (Teixeira et al., 2012; Vieira et al., 2009) which showed that the decolorization of azo dye (Remazol Golden Yellow RNL) solutions by LDH was due to adsorption rather than intercalation of the organic molecule. Figure 5 shows that a high dose of LDH (20 g/L) is necessary to place the raw effluent samples (RTE) within the discharge limits for the parameter of COD, which is 250 mg/L for textile effluents, as defined in the Minas Gerais State Environmental Legislation (COPAM /CERH 01/2008). For the effluent submitted to the biological treatment of activated sludge (BTE), a calcined LDH dose eight times lower (2.5 g/L) was sufficient to maintain the COD within the discharge limit for two out of the three samples analyzed. Figure 6 presents the kinetics of COD removal for both effluents (RTE3 and BTE3) treated with a LDH dose of 15 g/L. It can be seen that, for the biologically treated effluent (BTE3), the maximum COD adsorption capacity, reached after ~6h of contact, was ~30 mg/g, whereas for the raw textile effluent (RTE3) the adsorption capacity was much higher (~85 mg/g), but the equilibrium was reached at a significantly higher time (~15 h). Table 1 shows that the experimental data fit best the pseudo-second order model, and the K 2 values obtained indicate that the adsorption/intercalation of COD on LDH was about 6 times faster with the biologically treated effluent compared with the raw industrial effluent. As the doses required to achieve the established COD discharge limit is considerably lower with the biologically treated effluent, it seems more feasible to use LDH adsorption as a post-treatment unit to complement the activated sludge treatment in the removal of color and COD. The use of LDH to treat raw textile wastewater would imply that aerobic biodegradable compounds (e.g., anionic surfactants, starch) might be adsorbed/intercalated, leading to higher LDH doses and contact times, which would considerably increase treatment operational costs. The results of the recycling capacity study carried out with samples of raw (RTE3) and biologically treated (BTE3) effluents are presented in Figures 7 and 8. Figure 7 shows that, for the raw effluent, there was a loss of ~42% in the COD removal after the 1 st thermal regeneration, which progressively increased until the 5 th cycle, where the removal loss reached 58%. For the biologically treated effluent the loss after the 1 st cycle was lower (~37%) and remained around 40% until the 3 rd cycle, from which point it increased to reach a total loss of 60% after the 5 th cycle. The loss of COD removal efficiency was steeper and higher with the raw effluent, indicating a larger amount of adsorbed/intercalated compounds that could not be decomposed by the thermal treatment (500 °C for 4h). Examples of such compounds include azo dyes, which do not decompose completely at 500 °C, (Teixeira et al., 2012; Vieira et al., 2009 ) and chloride and hydroxide ions, which are present in high concentrations in the textile effluent. Although anions like chloride and hydroxide do not themselves contribute to the COD result, their adsorption/intercalation would obviously preclude the removal of oxidizable organics in the COD test, thereby reducing the COD removal efficiency. 
Recycling cycles
Figure 8: Loss of color removal efficiency after each cycle of adsorption-thermal regeneration-adsorption using LDH with treated (a) and raw (b) effluent.
As far as the color parameter is concerned, Figure  8 shows that the same pattern of progressive loss in the removal efficiency was observed. For the raw effluent samples, the loss started at 30% (1 st cycle) and remained at ~50% until the 4 th cycle, before further increasing to 62% loss at the 5 th cycle. For the biologically treated effluent, the loss in removal efficiency was more steep and varied from 30% (1 st Brazilian Journal of Chemical Engineering Vol. 31, No. 01, pp. 19 -26, January -March, 2014 cycle) to 75% (5 th cycle). This behavior might be related to the fact that the biological treatment (activated sludge) employed in the textile industry is not efficient in removing color from the raw effluent. As a result, the biologically treated samples still had considerable amounts of anionic organics (azo dyes and their degradation products) and inorganics such as sulfate ions (due to pH neutralization with sulfuric acid prior to biological treatment) which do not decompose at 500 °C. The results presented in Figures 7 and 8 corroborate the conclusion made before that it would be more advantageous to use LDH to remove the residual color and COD of the biologically treated effluent. In this way, LDH addition could be employed as a post-treatment to complement the biological treatment in the removal of recalcitrant organics such as azo dyes, chloride and sulfate.
CONCLUSIONS
Adsorption studies with raw and biologically treated (activated sludge) textile effluent samples showed that the best conditions for color and COD removal were obtained at lower values of temperature (25 °C) and pH (7). The pseudo-second order model best fitted the experimental data, yielding maximum organic matter removal capacities of 39.1 and 102.9 mgCOD/gLDH for raw and biologically treated effluents, respectively. The study showed that the thermal regeneration of LDH resulted, after five cycles, in losses in the removal capacity that varied from 35% to 68% for COD and from 50 to 67% for the color parameter. An LDH dose of 10g/L resulted in color removal efficiencies varying from 56% (raw effluent) to 66% (treated effluent) and, for the biologically treated effluent, a calcined LDH dose eight times lower (2.5 g/L) was sufficient to maintain the COD within the discharge limit for most of the samples analyzed. Characterization analyses performed before and after each adsorption and regeneration experiment showed that the dye molecules and other anions were not intercalated in the interlayer region of LDH, indicating that the COD and color removal was due to the adsorption of organic pollutants onto the LDH surface.
